Abstract. Phase equilibrium in the Ca-Mn-Sb-O system was studied in air at the temperature range from 1160 to 1250°C and a pseudoquaternary phase diagram for the system CaO-MnO-Mn 2 O 3 -Sb 2 O 5 is presented. The following compounds were discovered: new antimonate Ca 7 Sb 2 O 12 with a perovskite-like structure, solid solutions Mn 2-x Ca x Sb 2 O 7 (0 Յ x Յ 1.6) with a 3T-weberite structure, and
Introduction
Chemical phase diagrams are the most convenient form of representation, the description and storage of information on results of researches of interaction in multicomponent oxides systems. They are a basis of the directed synthesis of ternary oxides compounds as allow unambiguously and visually to define conditions of phase equilibriums, formation of new phases in system, emergence and dissociation of solid solutions. It makes sense to describe multicomponent systems on the basis of experimental studies of interactions in quasidouble systems in aggregate with the thermodynamic analysis of state diagrams. In the absence of thermodynamic characteristics of the phases making system, the results of experimental studies are a basis for the description of system.
A large number of binary and ternary oxides, as well as solid solutions (SS) of different composition were found to form in the quasi-ternary system Ca-Mn-Sb-O under usual conditions. Characteristic of this system is the multivalent state of manganese. In the ternary oxides forming this system, manganese exists in the form of Mn 4+ , Mn 3+ , and (or) Mn 2+ cations, and antimony exists mainly as Sb 5+ . [1] [2] [3] [4] [5] [6] Such various oxidation states of manganese characteristic for a wide interval of temperatures, apparently, are defined by the chemical nature of oxides of manganese (II), (III) and (IV), calcium, and antimony as components of chemical reactions.
This system arouses considerable interest since many binary and ternary oxides of Ca, Mn, and Sb exhibit various physicochemical and physical properties and serve as the basis for developing functional materials for different applications. The Ca 2-x Mn x Sb 2 O 7 (0 Յ x Յ 0.23) with a 2O-weberite structure, as well as solid solutions Ca 2 Mn 1+x Sb 1-x O 6 with monoclinic (0 Յ x Յ 0.67) and orthorhombic (0.75 Յ x Յ 1) perovskite structures. The existence of a number of double and ternary oxides and solid solutions on the basis of Sb 5+ and Mn 2+ , Mn 3+ , Mn 4+ and with mixed manganese valence is confirmed.
antimony pentoxide Sb 2 O 5 is used in the production of glasses, ceramics, paints, in textile and rubber-processing industries, as well as in the manufacture of fluorescent daylight lamps etc. [7] [8] [9] [10] The complex antimony oxides K(Na)SbWO 6 and Bi 3 SbO 7 with a pyrochlore structure, [11, 12] which are characterized by a high degree of disorder of their cation and anion sublattices, are promising ion exchangers and ionic conductors. Ionic conduction is also typical of the perovskite-like oxide Sr 0.5 CaSb 0.5 O 3-x [13, 14] owing to a high level of oxygen vacancies in this compound.
Complex manganese oxides attract attention due to a variety of magnetic, electrical, catalytic, and other properties. Perovskite-like oxides with mixed manganese valence form a large class of magnetoresistive materials. In particular, the doped calcium manganite CaMn 7 O 12 exhibits colossal magnetoresistance [15] provoking undiminishing interest in this and structurally related phases. Recently, it was shown [16] that CaMn 7 O 12 belongs to a class of multiferroics, in which ferroelectric polarization coincides with a magnetic phase transition at 90 K. CaMn 2 O 4 is reported [17] to be an attractive non-precious catalytic material alternative to traditional Pt/C catalysts for the oxygen reduction reaction, which may find potential applications in alkaline fuel cells and metal-air batteries.
The purpose of this work -specification available and obtaining new information on the crystal chemistry of ternary Ca, Mn, and Sb oxides and phase equilibriums in private double and threefold systems on their basis, research of possible opening of new phases with useful properties.
Brief Overview of Compounds in the Ca-Mn-Sb-O System
The double system CaO-MnO x is represented by the follow- [1] The stoichiometric perovskite of CaMnO 3.00 can be received by low-temperature methods, [18] whereas a method of solid-phase reactions leads to formation of oxygen deficient samples of ARTICLE CaMnO 3-δ . From this row we didnЈt find data on considerable deficiency of an oxygen sublattice of other manganites.
According to data, [2] CaMnO 3 forms a solid solution with the Ca/Mn ratio varying from 2:1 to 1:1. Later, these data have not been confirmed. The former four compounds are stable at high temperatures, whereas Ca 2 Mn 3 O 8 decomposes in air at 810°C. [1] In the trivalent state, manganese exists in the compound CaMn 2 O 4 , on the basis of which a solid solution is formed at high temperatures. This oxide has a marokite structure and is generally referred to as a post-spinel phase crystallizing in an orthorhombic syngony. [3] At low temperatures, several compounds with mixed manganese valence have been synthesized (CaMn [4, 19, 20, 21] and Mn
2+
2 Sb 2 O 7 [20, 21] are formed in the Mn-Sb-O system in air. According to the literature, [19] [20] Mn 2 Sb 2 O 7 has a trigonal 3T-weberite structure above 900°C [20] (its composition corresponds to the formula Mn 2 Sb 2 O 6.75 [21] ) and a cubic pyrochlore structure. [22] 6 were produced under hydrothermal conditions. [25] The naturally occurring mineral manganostibite [26] of the composition (Mn 2+ ,Mn 4+ )Mn 4 Sb 2 O 15 has an orthorhombic braunite or hausmannite structure. The synthetic analogue of this mineral was not obtained so far.
The interaction between calcium and antimony oxides has not been studied in detail. At present, the compounds CaSb 2 O 6 [5, 27] Ca 2 Sb 2 O 7 , [4] [5] [6] and Ca 6 Sb 3+ Sb 5+ O 10 [5] were registered in the Ca-Sb-O system during synthesis in air. The formula of the latter compound is written in the literature [28] as Ca 6 Sb 5+ 2 O 11 . The crystal structure of this compound has not been established. Ca 2 Sb 2 O 7 synthesized at atmospheric pressure has an orthorhombic 2O-weberite structure [29] and at a pressure of 6 GPa [6] [5] were obtained at low temperatures without oxidizers or during mechanochemical treatment. [30] With increasing temperature, they decompose into binary oxides based on Sb 5+ . In the Ca-Mn-Sb-O system, two ternary compounds have been described: the binary perovskite Ca 2 Mn 3+ SbO 6 obtained in works [31] [32] [33] [34] [35] and the mineral ingersonit Ca 3 Mn 2+ Sb 4 O 14 identified in reference [36] . Ca 3 Mn 2+ Sb 4 O 14 is isostructural with Mn 2 Sb 2 O 7 and has a trigonal 3T-weberite structure. States of www.zaac.wiley-vch.de oxidation of Mn and Sb in these compounds are confirmed with structural researches, X-ray absorption spectroscopic data and magnetic measurements. [31] [32] [33] [34] [35] Up to now, the phase diagram of the Ca-Mn-Sb-O system has not been examined. Since compounds in this system contain Mn and Sb in different (including mixed) degrees of oxidation, it is necessary to determine their stability regions. For this purpose, phase equilibria diagrams are usually used. In the ternary system Ca-Mn-O, the phase relationships were studied in detail in air in the temperature range from 700 to 2600°C. [1] The introduction of antimony considerably complicates the composition of this quasi-ternary system because of inclusion of binary (Ca x Sb y O z , Mn x Sb y O z ) and ternary (Ca x Mn y Sb z O m ) oxides and some solid solutions into this system. As some binary compounds of Mn and Sb and Ca and Sb are formed and exist only at low temperatures, the analysis of the Ca-Mn-Sb-O system in this study is limited only to high temperatures.
In the presented work, we tried to generalize the known phases in the Ca-Mn-Sb-O system, as well as the new phases synthesized by the authors, and to represent them as a pseudoquaternary phase diagram in the temperature range from 1160 to 1250°C.
Experimental Section
Calcium carbonate CaCO 3 and oxides Sb 2 O 3 and MnO 2 containing minimum 99.9 % of the main substance were used for sample preparation. The initial reagents were thoroughly mixed, ground, and pressed under pressure 3000 kg·cm -2 . The samples were synthesized in a KO-14 electric furnace by stepwise annealing in the temperature range from 900 to 1250°C. Due to the high volatility of Sb 2 O 3 oxide heating of samples was carried out by with a step size of 100°C. The calcinations process for the samples was performed until specimens reached equilibrium. The phase composition of binary and ternary systems and the purity of the synthesized products were checked using X-ray powder diffraction (XRD) with a Shimadzu XRD-7000 S diffractometer.
The crystal structure refinement was carried out with the GSAS [37] program suite using the XRD data. The XRD pattern was collected at room temperature with a STADI P (STOE) diffractometer in transmission geometry with a linear mini-PSD detector using Cu-K α1 radiation in the 2θ range 2°to 120°with a step of 0.02°. Polycrystalline silicon [a = 5.43075(5) Å] was used as external standard. The content of oxygen in the samples received by us determined by a method of iodometric titration (in case samples contained antimony), or restoration in hydrogen current at 900°C. At discussion of the oxygen content in the phases described in article the data published in original researches also were used.
Results and Discussion
A section of the phase diagram of the system Ca-Mn-Sb-O in air at 1160-1250°C is shown in Figure 1 . The phase diagram corresponding to this system is a tetrahedron with vertices CaO -(MnO 2 ) -(MnO) -SbO 2 +0.5O 2 . Bracketed are the conventional components of the system, which do not exist in a given temperature interval, but make it possible to determine the compositions corresponding to figurative points of the system. Accordingly, the conodes, being a part of the coordinates, in whose vertices these conventional components lie, are marked with dashed lines. Results of investigations of two pseudo-ternary subsystems represents in Figure 2 .
Our experiments confirmed the existence of the three abovementioned compounds (CaSb 2 O 6 , Ca 2 Sb 2 O 7 , Ca 6 Sb 2 O 11 ) in the CaO-SbO x system. Furthermore, the data about the formation of a new compound Ca 7 Sb 2 O 12 were obtained for the first time, and its composition was confirmed by structural studies. This compound was synthesized from CaCO 3 and Sb 2 O 3 at 1250°C. The X-ray diffraction pattern for Ca 7 Sb 2 O 12 is demonstrated in Figure 3 . The crystal structure of this phase was determined in the space group P12 1 /m1 to be perovskite-like with monoclinic cell parameters: a = 5.6644 ( ) with a cubic structure was produced in air at 1000°C. [39] It was noted that at a large concentration of calcium (x Ͼ 1.1) an impurity phase Ca 6 Sb 2 O 11 appears in the samples. The X-ray diffraction pattern of Ca 7 Sb 2 O 12 contains a number of peaks of small intensity which can't be attributed to one phase from system CaO-Sb 2 O 5 . It is probable that these peaks belong to the main phase and testify to additional distortion or ordered of atoms or oxygen vacancies. Further researches of crystal structure this phase by a method of electronic diffraction and high resolution electron microscopy are necessary for definition of a true unit cell this compound. As seen from the phase equilibrium diagram (Figure 1, Figure 2) , in the Ca-Mn-Sb-O system there exist several solid solutions based on binary and ternary compounds. The first (I) series of SS (Mn 2-x Ca x Sb 2 O 7 ) is formed on the basis of the Mn 2 Sb 2 O 7 compound with a 3T-weberite structure, which at x = 3 includes the ingersonite Ca 3 MnSb 4 O 14 . Taking into consideration the data, [40] the region of existence of this solid solution is limited to 0 Յ x Յ 1.6. At the substitution of Ca 2+ for [40] with an orthorhombic 2O-weberite structure, which is separated from the SS Mn 2-x Ca x Sb 2 O 7 by a two-phase region. The X-ray diffraction pattern for SS Mn 2-x Ca x Sb 2 O 7 and Ca 2-x Mn x Sb 2 O 7 are demonstrated in Figure 4 . The cell parameters of these SS are listed in Table 2 . From Table 1 follows that parameters a and c of SS Mn 2-x Ca x Sb 2 O 7 (weberite-3T type) smoothly increase in an interval 0 Յ x Յ 1.5, and at x = 1.6 parameter a decreases, and parameter c increases. Similar change of these parameters is established in the literature [40] for a mineral of Ca 3 MnSb 4 O 14 (x = 1.5 in Table 1 [14] are at A1 (distorted cube) and A3 (polyhedron can be described as irregular bicapped octahedron) positions and Mn 2+ in A2 positions. The atoms of A2 positions are in a tetragonally distorted (2 + 4) octahedron with axial compression along [001] . At x Ͼ1.5 A2 positions are occupied by Ca 2+ cations that leads to anisotropic expansion of the unit cell along [001] . [40] The presence of two perovskite-like compounds ( system allowed us to suppose that either mutual SS or individual compounds with mixed oxidation states of manganese can form on the basis of these compounds. In study [34] some compositions were obtained and it was concluded about the existence of two SS on the basis of Ca 2 Mn 3+ SbO 6 and CaMn 4+ O 3 . A linear increase of the unit cell volume with increasing antimony concentration was observed for CaSb x Mn 1-x O 3 (x = 0.1, 0.2, 0.25, 0.33). However, it follows from data [34] that the ratio of the unit cell parameters for the SS of the composition The synthesis of 11 samples performed in this study in air at 1250°C confirmed the formation of two series of SS with a perovskite structure in this system: the monoclinic phase of the composition Ca 2 Mn 1+x Sb 1-x O 6 (III, 0 Յ x Յ 0.67) and the orthorhombic phase (IV, 0.75 Յ x Յ 1) ( Figure 5 , Table 3 , and Table 4 ). The chemical analysis showed that the content of oxygen in samples close corresponds stoichiometric and is defined by the formula Ca 2 Mn 1+x Sb 1-x O 6-δ , where δ = 0.04 Ϯ 0.02. Existence of similar deficiency of oxygen in these SS is established also in work. [34] These results testify that observed changes of parameters of unit cells and space group SS are mainly caused by replacement of large cations of Mn 3+ on Mn 4+ having smaller sizes. [34] was used as starting model for the crystal structure refinement of this phase. The observed, calculated, and difference profiles of Xray diffraction data refinement for Ca 2 Mn 1.33 Sb 0.67 O 6 are plotted in Figure 6 .
The crystallographic data and displacement parameters are given in Table 5 , selected interatomic distances in Table 6 . It is seen that the parameters and unit cell volumes change smoothly within the Ca 2 Mn 1+x Sb 1-x O 6 SS ( Figure 5) [34] ); the parameters of this SS differ essentially from those reported in the literature. [34] Thus, these results show that on the phase equilibrium diagram of the system Ca-Mn-Sb-O the individual compound Ca 3 Mn 2 SbO 9 is absent. In this context, it is interesting that Ca 3 Mn 2+ Sb 2 O 9 is not formed in this system either, in spite of the existence of the perovskite www.zaac.wiley-vch.de 2661 
Interatomic distances Interatomic distances
Ca ( a) The sum of the effective ionic radii [41] 
